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ABSTRACT
In this thesis, we are mainly discussing element-doped MgB2 thick films and tapes.

In Chapter 1, I present some brief discussions about superconductivity and its relevant theories
and history. Extensive examples are given for superconductor applications. At Chapter 2, a
literature Review of MgB2 superconductor is given.

In this chapter, MgB2’s discovery,

particulars and current research are discussed. In Chapter 3, the experimental details and
relevant laboratory measurement equipments are introduced; specifically X-ray Diffraction and
Scanning Electron Microscopy (SEM) measurements are discussed. From Chapter 4 through
Chapter 7, various methods of MgB2 thick film/short tape fabrication were discussed, as well as
the corresponding results.

At Chapter 4, we studied the Cu and Nano-SiC doped MgB2 thick films on Ni substrates
processed using a very short-time, in-situ reaction. Pure and doped MgB2 thick films were
fabricated on Ni substrates with varying amounts of elemental Cu and Nano-SiC powders,
samples were sintering at 840 oC or 900 oC for just a few minutes, and then quenched in liquid
nitrogen. We found that for films sintered at 900 oC, critical current densities Jc were achieved as
high as 1.4 × 106 A/cm2 at 20 K and 2 T for the pure and SiC added films. Films doped with 5 wt%
of Cu powders were observed to have better adherence to the Ni substrate without degradation in
Tc, and Jc was found to be slightly decreased, but still remains as high as 7 × 105 A/cm2 at 20 K in
zero field. It was observed that Jc and irreversibility field increase with an increasing sintering
temperature up to 900 oC. Furthermore, Nano-SiC addition has significantly improved the
7

irreversibility field compared to un-doped MgB2 films.

In Chapter 5, the effect of nano-Y-ZrO2 (YSZ) addition on the microstructure and critical current
density of MgB2 superconductors was studied. XRD results showed that YSZ does not react with
MgB2. Furthermore, the transition temperatures of the YSZ Nano-particle doped samples dropped
about 3 K compared to the un-doped samples. Samples doped with YSZ powders showed a higher
critical current density in low magnetic fields, however the Jc drops faster compared to that made
by long time sintering samples. It is proposed that the improved Jc in low fields was due to the
enhanced density of the sample, which was caused by the YSZ Nano-particle inclusion.

In Chapter 6, I discuss the fabrication, microstructure and critical current density of pure and Cu
doped MgB2 thick films on Cu, Ni and stainless steel substrates by short-time, in-situ reaction.
These thick films were prepared using a short time sintering method. Results showed that single
MgB2 phase films can be easily formed in a short period of time (3 minutes) at temperatures
above 700 oC. Un-doped MgB2 films were found to be loosely attached to the Ni and stainless
steel substrates. However, the MgB2 with Cu powders addition adhered well to the substrates
without serious degradation of Tc and flux pinning. The Jc increased by one order of magnitude
and irreversibility field determined from M-H loops also increased when sintering temperature
increased from 745 oC to 900 oC. Jc values in the range of 1-9 x 105 A/cm2 at 15 K have been
achieved for both doped and un-doped films sintered at 900 oC for a short 3 minutes of time.
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Finally at Chapter 7, I look at the significant improvement of critical current density in Cu
sheathed MgB2 tapes through Nano-SiC doping and short-time in-situ reaction. We found that
Nano-SiC doping samples resulted in a very high critical current density of more than 1 MA per
square centimetre in zero field at T ≤ 10 K. It is also found that these Nano-SiC doped MgB2 /Cu
tapes exhibited very small flux jumping at 5 K, indicating a high thermal stability. Such a high Jc
field performance together with high thermal stability and large mechanical flexibility makes the
Cu-sheathed MgB2 tapes an attractive candidate for large scale applications.
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CHAPTER 1

Superconducting Materials - Background and Basis

1.1 A Brief History of Superconductivity

1.1.1 The Discovery of Superconductivity

Before the discovery of superconduction, it was already known that cooling a metal increased its
conductivity - due to decreased electron-phonon interactions.

After the 'discovery' of liquefied helium, allowing objects to be cooled to within 4K of absolute
zero, it was discovered (by Onnes, 1911) that when mercury was cooled to 4.15K, its resistance
suddenly (and unexpectedly) dropped to zero (i.e. it went superconducting).

10

Figure 1. 1

When Onnes cooled mercury to 4.15K, the resistivity suddenly dropped to zero

In 1913, it was discovered that lead became superconducting at 7.2K. It was then 17 years until
niobium was found to be superconducting at a higher temperature of 9.2K.
Onnes also observed that normal conduction characteristics could be restored in the presence of a
strong magnetic field below the superconducting transition temperatures.

1.1.2 The Meissner Effect

It was not until 1933 that physicists became aware of the other property of superconductors perfect diamagnetism. This was when Meissner and Oschenfeld discovered that a
superconducting material cooled below its critical temperature in a magnetic field excluded the
magnetic flux. This effect has now become known as the Meissner effect (see Figure below).
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Figure 1. 2

The Meissner effect - a superconducting sphere in a constant applied magnetic field
excludes the magnetic flux

The limit of external magnetic field strength at which a superconductor can exclude the field is
known as the critical field strength, Bc.

Type II superconductors have two critical field strengths; Bc1, above which the field penetrates
into the superconductor, and Bc2, above which superconductivity is destroyed, as per Bc for Type
I superconductors – either magnetic flux is excluded totally or the superconductivity is destroyed
when the external magnetic field reaches the limit Bc.

1.1.3 Theory of Superconductivity

Fritz and Heinz London proposed equations to explain the Meissner effect and predict how far a
magnetic field could penetrate into a superconductor, but it was not until 1950 that any great
theoretical progression was made, with the Ginzburg-Landau theory, which explained
superconductivity and provided a derivation for the London equations. Ginzburg-Landau theory
has been largely superseded by BCS theory, which deals with superconductivity in a more
microscopic manner.
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BCS theory was proposed by J. Bardeen, L. Cooper and J. R. Schrieffer in 1957. BCS proposes
the formation of so-called 'Cooper pairs', and correlates well with Ginzburg-Landau and London
predictions.

However, BCS theory does not account well for high temperature superconduction, which is still
not yet fully understood.

1.1.4 High Temperature Superconduction

The highest known temperature at which a material becomes superconductive increased slowly
as scientists found new materials with higher values of Tc, but it was in 1986 that the
Ba-La-Cu-O system was found to be superconductive at 35K - by far the highest then found. This
was interesting as BCS theory had predicted a theoretical limit of about 30-40K to Tc (due to
thermal vibrations).

Soon, materials were found to be superconductive above 77K - the melting point of liquid
nitrogen, which is far safer and much less expensive than liquid helium as a refrigerant. Although
high temperature superconductors are more useful above 77K, the term technically refers to
those materials that are superconductive above 30-40K.

13

In 1994, the record for Tc was 164K, under 30GPa of pressure, for HgBa2Ca2Cu3O8+x.

1.2 Superconducting Theory - Background

To explain the properties of superconductors, it is first necessary to look at how normal
conductors behave:

1.2.1 Electron Conduction Transport

Metals conduct electricity via delocalised electrons within the metal lattice - in a metal, the atoms
lose valence electrons to form a lattice of positively-charged cations. The valence electrons are
then delocalised throughout the lattice, and are free to move between the cations - these electrons
are the current carriers.

The simplest way of explaining conductivity is by using the Drude model. The Drude model
makes the assumption the conducting electrons

1. do not interact with the cations (the "free electron approximation"), except for collisions
with phonons and impurities and, where the velocity of the electron abruptly and
randomly changes direction as a result of collision ("relaxation time approximation");
2. maintain

thermal

equilibrium

throughout

approximation");
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collisions

("classical

statistics

3. do not interact with each other ("independent electron approximation").

Figure 1. 3

The Drude model approximates the metal to a lattice of cations through which delocalized
electrons flow.

For our purposes, it is necessary to adopt a modified instance of the Drude model, whereby the
electrons are assumed to obey Femi statistics instead of the classical statistics, and zero electrical
potential between the cations, but near the cations the potential is negative - that is, electrons
move in periodic wells instead of the free electron approximation outlined above.

Figure 1. 4

Abandoning the free electron approximation: the potential is negative near the
cations and zero in the region between ions.
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1.2.2 Electron-Phonon Interaction

The cations within the lattice are oscillating about their equilibrium positions due to thermal
energy. The resulting propagating lattice vibrations are called phonons, as they are essentially
sound waves. The electrons then interact with phonons (or impurity atoms) as they move through
the lattice - causing charge distortions that propagate along the lattice structure, in turn causing
distortions in the periodic potential.

Figure 1. 5

Lattice distortion around an electron causes an increase in positive charge density that will
propagate along the lattice with the cation vibrations.

These distortions can affect the motion of another electron at some distance that is also
interacting with the lattice in a similar way - this is thus called an electron-phonon interaction.

16

From this, it is simple to see why conductivity decreases with temperature - increased thermal
energy will cause the cations to oscillate more violently; the electron-phonon interactions are
greater and so impede the flow of electrons through the lattice.

1.3 The Application of Superconductors

1.3.1 Magnetic Levitation

This is an application where superconductors perform extremely well. Transport vehicles such as
trains can be made to "float" on strong superconducting magnets, virtually eliminating friction
between the train and its tracks. Not only would conventional electromagnets waste much of the
electrical energy as heat, they would have to be physically much larger than superconducting
magnets. A landmark for the commercial use of MAGLEV technology occurred in 1990 when it
gained the status of a nationally-funded project in Japan. The Minister of Transport authorized
construction of the Yamanashi Maglev Test Line which opened on April 3, 1997. In December
2003, the MLX01 test vehicle (Figure 6) attained an incredible speed of 581 km per hour.

17

Figure 1. 6 The Yamanashi MLX01 MagLev test vehicle achieved a speed of 581 kilometer per hour on
April 14, 1999 (www.rtri.or.jp)

Although the technology has now been proven, a wider use of MAGLEV vehicles has been
constrained by political and environmental concerns (strong magnetic fields can create a
bio-hazard). The world's first MAGLEV train to be adopted into commercial service, a shuttle in
Birmingham, England, shut down in 1997 after operating for 11 years..

1.3.2 Biomagnetism

This is an area where superconductors can perform a life-saving function is in the field of
biomagnetism. Doctors need a non-invasive means of determining what's going on inside the
human body. By exposing the body to a strong superconductor-derived magnetic field, hydrogen
atoms that exist in the body's water and fat molecules are forced to accept energy from the
magnetic field. They then release this energy at a frequency that can be detected and displayed
graphically by a computer. Magnetic Resonance Imaging (MRI) was actually discovered in the
mid 1940, but, the first MRI exam on a human being was not performed until July 3, 1977. It took
18

almost five hours to produce one image! Today's faster computers process the data in much less
time.

The Korean Superconductivity Group within KRISS has carried biomagnetic technology a step
further with the development of a double-relaxation oscillation SQUID (Superconducting
QUantum Interference Device) for use in Magnetoencephalography. SQUID's are capable of
sensing a change in a magnetic field over a billion times weaker than the force that moves the
needle on a compass (compass: 5*10-5T, SQUID: ~10-14T.). With this technology, the body can be
probed to certain depths without the need for the strong magnetic fields associated with MRI's.

1.3.3 Electric generators

Electric generators made with superconducting wire are far more efficient than conventional
generators wound with copper wire. In fact, their efficiency is above 99% and their size about half
that of conventional generators. These facts make them very lucrative ventures for power utilities.
General Electric has estimated the potential worldwide market for superconducting generators in
the next decade at around $20-30 billion dollars. Late in 2002 GE Power Systems received $12.3
million in funding from the U.S. Department of Energy to move high-temperature
superconducting generator technology toward full commercialization.
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1.3.4 Energy storage

Other commercial power projects in the works that employ superconductor technology include
energy storage to enhance power stability. American Superconductor Corp. received an order
from Alliant Energy in late March 2000 to install a Distributed Superconducting Magnetic Energy
Storage System (D-SMES) in Wisconsin. Just one of these 6 D-SMES units has a power reserve
of over 3 million watts, which can be retrieved whenever there is a need to stabilize line voltage
during a disturbance in the power grid. AMSC has also installed more than 22 of its D-VAR
systems to provide instantaneous reactive power support.

Figure 1. 7 The General Atomics/Intermagnetics General Superconducting Fault Current Controller,
employing HTS superconductors.

1.3.5 Superconductor-based transformers
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Recently, power utilities have also begun to use superconductor-based transformers and "fault
current limiters". The Swiss-Swedish company ABB was the first to connect a superconducting
transformer to a utility power network in March of 1997. ABB also recently announced the
development of a 6.4MVA (mega-volt-ampere) fault current limiter - the most powerful in the
world. This new generation of HTS superconducting fault limiters is in demand due to their
ability to respond in just thousandths of a second to limit tens of thousands of amperes of current.
Advanced Ceramics Limited is another of several companies that make BSCCO type fault
limiters. Intermagnetics General recently completed tests on its largest (15kV class)
power-utility-size fault current limiter at a Southern California Edison (SCE) substation near
Norwalk, California. Both the US and Japan also have plans to replace underground copper power
cables with superconducting BSCCO cable-in-conduit cooled with liquid nitrogen. By doing this,
more current can be routed through existing cable tunnels. In one instance 250 pounds of
superconducting wire replaced 18,000 pounds of vintage copper wire, making it over 7000%
more space-efficient.

An idealized application for superconductors is to employ them in the transmission of commercial
power to cities. However, due to the high cost and impracticality of cooling miles of
superconducting wire to cryogenic temperatures, this has only happened with short "test runs". In
May of 2001 some 150,000 residents of Copenhagen, Denmark, began receiving their electricity
through HTS (high-temperature superconducting) material. That cable was only 30 meters long,
but proved adequate for testing purposes. In the summer of 2001 Pirelli completed installation of
three 400-foot HTS cables for Detroit Edison at the Frisbie Substation that were capable of
21

delivering 100 million watts of power. This marked the first time commercial power has been
delivered to customers of a US power utility through superconducting wire. Intermagnetics
General has announced that its IGC-SuperPower subsidiary has joined with BOC and Sumitomo
Electric in a $26 million project to install an underground, HTS power cable in Albany, New
York, in Niagara Mohawk Power Corporation's power grid. The 350-meter cable, believed to be
four times the length of any previously installed HTS cable, will be designed to provide more
power and operate at significantly lower loss levels than other HTS installations.

Figure 1. 8 Hypres Superconducting Microchip, Incorporating 6000 Josephson Junctions.

1.3.6 Super Computers

The National Science Foundation, along with NASA, DARPA and various universities, are
currently researching "petaflop" computers. A petaflop is a thousand-trillion floating point
operations per second. Today's fastest computing operations have only reached "teraflop" speeds
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- trillions of operations per second. Currently the fastest is the Cray X1™ supercomputer running
at 52.4 teraflops per second (multiple CPU's). The fastest single processor is a Lenslet optical
DSP running at 8 teraflops. It has been conjectured that devices on the order of 50 nanometers in
size along with unconventional switching mechanisms, such as the Josephson junctions
associated with superconductors, will be necessary to achieve such blistering speeds. TRW
researchers (now Northrop Grumman) have quantified this further by predicting that 100 billion
Josephson junctions on 4000 microprocessors will be necessary to reach 32 petabits per second.
These Josephson junctions are incorporated into field-effect transistors which then become part of
the logic circuits within the processors. Recently it was demonstrated at the Weizmann Institute in
Israel that the tiny magnetic fields that penetrate Type 2 superconductors can be used for storing
and retrieving digital information. It is, however, not a foregone conclusion that computers of the
future will be built around superconducting devices. Competing technologies, such as quantum
(DELTT) transistors, high-density molecule-scale processors , and DNA-based processing also
have the potential to achieve petaflop benchmarks.

1.3.7 Ultra-high-performance filters

In the electronics industry, ultra-high-performance filters are now being built. Since
superconducting wire has near zero resistance, even at high frequencies, many more filter stages
can be employed to achive a desired frequency response. This translates into an ability to pass
desired frequencies and block undesirable frequencies in high-congestion rf (radio frequency)
applications such as cellular telephone systems. ISCO International and Superconductor
23

Technologies are companies currently offering such filters.

Superconductors have also found widespread applications in the military. HTSC SQUIDS are
being used by the US navy to detect mines and submarines. And, significantly smaller motors are
being built for navy ships using superconducting wire and "tape". In mid-July, 2001, American
Superconductor unveiled a 5000-horsepower motor made with superconducting wire.

Among emerging technologies are a stabilizing momentum wheel (gyroscope) for earth-orbiting
satellites that employs the "flux-pinning" properties of imperfect superconductors to reduce
friction to near zero. Superconducting x-ray detectors and ultra-fast, superconducting light
detectors are being developed due to their inherent ability to detect extremely weak amounts of
energy. Already Scientists at the European Space Agency (ESA) have already developed what is
being called the S-Cam, an optical camera of phenomenal sensitivity. And, superconductors may
even play a role in Internet communications soon. In late February, 2000, Irvine Sensors
Corporation received a $1 million contract to research and develop a superconducting digital
router for high-speed data communications up to 160 Ghz. Since Internet traffic is increasing
exponentially, superconductor technology is being called upon to meet this super need.
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Figure 1. 9

Conectus consortium estimates that the worldwide market for superconductor products is
will grow to near US $5 billion by the year 2010 and to US $38 billion by 2020.

According to June 2002 estimates by the Conectus consortium, the worldwide market for
superconductor products is projected to grow to near US $5 billion by the year 2010 and to US
$38 billion by 2020(Figure 1.9). Low-temperature superconductors are expected to continue to
play a dominant role in well-established fields such as MRI and scientific research, with
high-temperature superconductors enabling the newer industries. The ISIS graph in Figure 1.9
gives a rough breakdown of the various markets in which superconductors are expected to make a
contribution.

All of this is, of course, contingent upon a linear growth rate. Should new superconductors with
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higher transition temperatures be discovered, growth and development in this exciting field could
explode virtually overnight.

Another impetus to the wider use of superconductors is political in nature. The reduction of
green-house gas (GHG) emissions is becoming a topical issue due to the Kyoto Protocol which
requires the European Union (EU) to reduce its emissions by 8% from 1990 levels by 2012.
Physicists in Finland have calculated that the EU could reduce carbon dioxide emissions by up to
53 million tons if high-temperature superconductors were used in power plants.

The future melding of superconductors into our daily lives will also depend to a great degree on
advancements in the field of cryogenic cooling. New, high-efficiency magnetocaloric-effect
compounds such as gadolinium-silicon-germanium are expected to enter the marketplace soon.
Such materials should make possible compact refrigeration units to facilitate additional HTS
applications.

While no significant advancs in superconductor Tcs have been achieved in recent years, other
discoveries of equal importance have been made. In 1997 researchers discovered that at a
temperature very near absolute zero an alloy of gold and indium was both a superconductor and a
natural magnet. Conventional wisdom held that a material with such properties could not
exist! Since then, over a half-dozen such compounds have been found. Recent years have also
seen the discovery of the first high-temperature superconductor that does NOT contain any
copper (2000), and the first all-metal perovskite superconductor (2001).
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Startling - and serendipitous - discoveries like these are forcing scientists to continually
re-examine longstanding theories on superconductivity and to consider heretofore-unimagined
combinations of elements.
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CHAPTER 2

Literature Review of MgB2 Superconductor

2.1 The discovery of MgB2

Magnesium diboride (MgB2) as a chemical compound has been known since the 1950s. Only in
2001 was it discovered to be a superconductor at a remarkable high critical temperature of about
39K by J. Akimitsu at Aoyama-Gakuin University, Tokyo, Japan. At the time of its discovery,
MgB2 had the highest critical temperature of any non-cuprate superconductor. This discovery
stimulated a considerable amount of research and development concerning MgB2, not only
because of its interesting fundamental properties but also because of its potential applications.
According to the ISI Current Contents Database, until January 2004 more than 1300 papers with
title or subject of MgB2 or Magnesium diboride have been published in the international journals.

In atomic structure, this intermetallic superconductor of MgB2 crystal consists of hexagonal
honey-combed planes of boron atoms separated by planes of magnesium atoms, with the
magnesiums centered above and below the boron hexagons. Each magnesium atom is located at
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the center of a hexagons of boron atoms. The hexagonal unit cell has the in plane and out of the
plane lattice parameters of a=3.086Å and c=3.524Å respectively (Figure 2.1).

Figure 2. 1 Crystal structure of MgB2: a=3.086 Å; c=3.524 Å

This remarkably simple atomic structure would eventually prove the key to understanding MgB2.
But in the hundreds of papers produced in the first rush to examine the new superconductor,
experimenters using different techniques found many different, unusual, and sometimes
conflicting properties.

It is said that the high critical temperature(Tc) of MgB2 (Figure 2.2) comes from the exceptionally
high vibration energies in the graphite-like Boron planes. So MgB2 appears to obey conventional
models of superconductivity.
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Figure 2. 2 Graph illustration of the Superconductivity of MgB2 at 39K

2.2 The MgB2’s Particulars

2.2.1 Cheap and abundant

Magnesium and Boron are both cheap and abundant, and the high Tc of MgB2 , it makes it
possible to operate MgB2 superconductors in a liquid hydrogen as well as a liquid helium cooling
environment, so MgB2 opens up a very wide range of practical opportunities for industrial
applications.
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2.2.2 Free of grain boundary “weak links”

One of MgB2’s advantages is its coherence length of 50 Å (compared to 5 Å for Bi2223) [28],
which is much larger than the grain boundary width, meaning that its grain boundaries will not
be obstacles to current flow, so high critical current can be achieved in bulk samples, regardless of
the degree of grain alignment. Unlike the cuprate HTSs, Jc in MgB2 is determined by its pinning
properties and not by weak link effects, this means that random polycrystalline samples such as
round wires made by powder-in-tube(PIT) techniques, can carry high critical current densities.

However, the grain boundaries of polycrystalline MgB2 can easily be altered to exhibit induced
weak-link behavior with accompanying loss in critical current density by orders of magnitude
[29]. For example, MgO and amorphous regions are revealed when dense MgB2 samples are
probed with a transmission electron microscope. Avoiding these unwanted phases remains one of
the central issue for developing wires, tapes and other polycrystalline forms.

2.2.3 Anisotropy of MgB2
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The layered crystal structure of MgB2 produces anisotropic properties when fields and electric
currents are applied in various directions with respect to the boron planes. This anisotropy is
revealed in textured samples, in which all grains exhibit common crystallographic orientation,
and in single crystals. Thin films in particular are examples of textured samples, because grains
line up against a flat substrate. By using textured thin films and, more recently, epitaxial thin
films, special anisotropic control devices can be produced.

2.2.4 Mg-B binary phase diagram

The equilibrium phase diagram of the Mg-B system has not been reliably determined,
but different phases including MgB2, MgB4, MgB7 can be found. MgB2 is stable under a
temperature of about 850°C. Above 850°C, it becomes unstable, which suggests that
the appropriate sintering temperature should be around 850°C.

2.3 The Preparation of MgB2

Varies method have been adopted in the research of MgB2 since its discovery. In terms of
MgB2’s crystal formation, there are “ex situ” and “in situ” methods. The 1st method refers to the
use of commercially available MgB2 powder, after undergoing thermal treatment, crystal pieces
will be formed; while the “in situ” method means, Mg and B powder are used to react and form
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MgB2 crystals through heat treatment.

In terms of physical shapes, bulk MgB2, and MgB2 in tapes, wires, thick films and thin films are
produced for research and industrial purposes.

Different ways to achieve MgB2 crystals have been adopted: for example, the Mg diffusion
method, the Laser deposition method, the powder in tube method and above all, element doping in
the MgB2 crystal are studied extensively as it is one of the (almost necessary) way to enhance the
MgB2 crystal properties for different purposes.

MgB2 thick films and/or tapes are easy to produce for the in depth study of the MgB2’s properties
under different conditions and/or doping.

2.4 Current Research on MgB2

2.4.1. The substitutional chemistry of MgB2 is severely limited

The substitutional chemistry of MgB2 is severely limited (Table 2.1), which has been
proven to cause difficulties in elaborating its properties through chemical alteration [1], a
technique that has proven useful in the study of many superconductors.
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Material

600C anneal

800 C anneal

ZrO2

No reaction

No reaction

YSZ

No reaction

Small amounts of MgO

MgO

No reaction

No reaction

Al2 O3

No reaction

SiO2
SrTiO3
Si

MgB2 with altered cell size (Al doped), MgO

MgB2, MgO, Si

MgO, Mg2 Si, Si, MgB2 , MgB4

MgB2 , SrTiO3 , MgO, SrB6 , TiB2

No reaction

MgB2 ,Mg2 Si

MgB2 ,Mg2 Si, MgB4

TiN

No reaction

No reaction

TaN

No reaction

No reaction

AlN

No reaction

No reaction

SiC

No reaction

MgB2with alteredcell size(carbon doped)

Table 2. 1 (R.J. Cava ) Reactivity of MgB2 with various electronic materials

However, in one sense, that characteristic is advantageous, as MgB2 would therefore be
expected to display limited chemical reactivity with materials that it would come in
contact with in electronics applications. Table 2.2 summarizes the results of our
experiments to determine the chemical compatibility of MgB2 with various electronic
materials at temperatures between 600 and 800 oC, the temperatures relevant for the
fabrication of electronic devices, and shows that MgB2 is chemically compatible (does
not react with) many electronic materials in that temperature range.
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2.4.2. MgB2 values of the Residual Resistivity Ratio (RRR) - To obtain high values
of RRR, high purity reagents are necessary

Through the synthesis of various MgB2 samples with different nominal boron purities R.A.
Ribeiro found values of the RRR to be from 4 to 20 [2], which covers almost all the values found
in the literature. To obtain high values of RRR, high purity reagents are necessary. With
isotopically pure boron, the highest RRR = 20 was obtained for the stoichiometric compound.

2.4.3. Jc Vs various annealing temperatures and times

For MgB2 films annealed in the temperature range of 700 to 950 oC , W.N. Kang found
that the films annealed at 900 oC for 30 min showed the best superconductivity (see
Figure 2.3) with a transition temperature of 39 K and a Jc of 107 A/cm2 at 5 K and zero
field [3].
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Figure 2. 3 Magnetic field dependence of Jc at 5 K for various films grown at 700–950 oC for 30 min and
at 900 oC for 30–120 min.

2.4.4. Jc and different sheath/substrate materials

As sheath materials, so far Fe shows the smallest reaction with MgB2, but Ni or Nb appear as
possible alternatives, in particular if the final heat treatment temperature can be further reduced.
A problem common to all PIT techniques is the need for a densification of the filaments, either
during the final reaction (in situ) or during re-crystallization (ex situ), with only dense cores
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yielding improved Jc values. R. Flukiger et al fund that transport Jc values above 104 A/cm2 are
obtained in Fe/ MgB2 tapes at 4.2 K/6.5 T, 25 K/2.25 T and 30 K/1 T [4]. Extrapolation to zero
field at 4.2 K yields Jc values around 106 A/cm2, but this value will only be reached after an
improvement in the thermal stability of MgB2 tapes.

Recently, substantial enhancements of Jc have been achieved by doping MgB2 with Ti, Y2O3 or
SiC, which can extend operation at 20 K to higher fields. Recent results on thin films and on
irradiated samples show a sizeable increase of Bc2,thus constituting a challenge for further
conductor development. Thermal stability and mechanical properties still have to be improved,
but Fe/ MgB2 tapes have the potential to be produced industrially in long lengths.
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Please see print copy

Table 2. 2 (R. Flukiger ) Jc values in different MgB2 tapes, wires and films at different magnetic fields
and temperatures

2.4.5. Elementary doped MgB2 films achieving higher Jc

Elementary doping is a major way on improving desired properties of superconducting
materials. To name few of the popular doping methods for MgB2: Cu doping, C doping,
Si doping, Al doping, SiC doping etc.. Dou et al. [5] have discovered that the Nano-SiC
addition can significantly improve the flux pinning and irreversibility field in bulk MgB2
and Fe sheathed wires. According to Dou, Jc values of over 100,000 A/cm2 for MgB2 films at
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5K and 5T and 20K and 2T were obtained, comparable to NbTi and HTS respectively. The high
performance SiC doped MgB wires will have a great potential to replace the current market
leader, Nb–Ti and HTS for many practical applications at 5K to 25K up to 5T.

Please see print copy

Figure 2. 4 (Dou et al) J (H) versus temperature for 10wt% SiC doped MgB2 wire at 1T, 2T and 4T.

2.5 MgB2 Tape and Wire development

Numerous institutions and researchers are involved in powder-in-tube (PIT) wire, as it
seems to be the most useful form for many applications. The conventional
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powder-in-tube technique has become a major method for the preparation of wires and
tapes due to the relatively low cost and high quality of the products, as well as the
suitability of this technique for large-scale industrial application. The standard procedure
in wire preparation using the PIT technique mainly consists of three steps. In the first
step precursor material is loaded into a metal tube with one end of the tube sealed by a
piece of lead or aluminum. The tube is filled in and packed with precursor powders and
then the remaining ends crimped mechanically. The composite tube is drawn to the final
diameter of about 1-3 mm. Drawing is performed either by passing the tube through the
conical hole of successive round dies at a speed of a few cm/s or by two-axial groove
rolling. For tape making, the thin wire is cold rolled to a flat tape with a thickness of
0.3-0.6mm. In the ISEM group at the University of Wollongong, a deformation rate of no
more than 15% per pass is used in the whole mechanical deformation procedure.

Continuous tube forming and filling (CTFF) is another technique in the preparation of
MgB2 wires and tapes. This technique has been used by High-Tech Research Inc in the
US to prepare MgB2 wires and tapes. In this technique, a continuous metal strip (Fe, Cu,
etc.) is first produced as a sheath material. As the ribbon enters and moves through the
tube shaping dies they gradually form it into a U shape. After the powder is inserted, the
closing dies gradually close off the tube. After the tube has been closed, it passes through
subsequent dies to reduce the diameter to a fine wire of approximately 2mm in diameter.
Numerous long lengths of wire have been made using this technique.
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Different methods are used to prepare MgB2 wires and tapes in terms of precursor
material. In the in situ reaction method, a mixture of Mg and B is used as a starting
material. The mixture is packed into a metallic tube, and then MgB2 is formed inside the
tube by heat treatment. On the other hand, commercially available and pre-reacted MgB2
powder is used as the starting material in the ex situ reaction method. The in situ reaction
method is widely used for both wire and tape.

Wang at el. have been using a very rapid sintering process for fabrication of in-situ
reaction PIT wires with high Jc [6]. Heat treatment temperatures for these in-situ route
powders were at about 600-1000°C for from several minutes to two hours. It was found
that prolonged heat treatment is not necessary in the fabrication of Fe clad wires. MgB2
phase can be formed quickly. Several minutes of sintering give almost the same
performance as a much longer sintering time. This finding substantially simplifies the
fabrication procedure for wires and tapes. Short sintering of wires with other sheath
materials, such as Cu and Ag, avoid a high reaction rate between the magnesium powder
and the sheath, resulting in an enhancement in Jc value [7]. Jc of more than 20,000A/cm2
in 2T at 20 K was achieved by this process.

Grasso [8] has made Ni sheathed MgB2 tapes using ex-situ method powders; after filling,
the conductors were cold worked by groove rolling, drawing, and rolling. Heat treatments
for these ex-situ route powders are used mainly to recover Tc which is depressed during
the deformation, and to sinter the powders together. Jc values are non-zero out to 12 T in
41

some cases (which is about 400 A/cm2 at 12 T the best high field result of [8]) with an
irreversibility field just slightly higher than 12 T. These values were for H perpendicular
to the tape face. An anisotropy factor of about 1.4 in Hirr has been reported for tapes (with
the parallel orientation being higher than the perpendicular one [8]). This indicates some
level of crystalline alignment.

Matsumoto and Kumakura investigated sheaths of various hardness for ex-situ powder
tapes and found that quite strong materials such as stainless steel were required to
encourage proper sintering of the powders for good Jc values [10,11]. Moving to in-situ,
Fujii, Togano and Kumakura [12] have introduced WB (tungsten boride) into in-situ
powder route Fe-sheathed MgB2 tapes, decreasing the field dependence of Jc as compared
to their undoped samples. Grain size seemed to be constant at about 0.2 µm. The results
were interpreted in terms of pinning enhancement. This interpretation was supported by
their Fp curve analysis. Matsumoto et al. [13] also investigated the use of SiO2 and SiC for
in-situ process MgB2. In their particular case, Jc was sometimes increased by an order of
magnitude with addition. Critically important in this context is, of course, the starting
point (see below) but his ultimate Jcs were between 1600 and 6500 A/cm2 at 12 T, and his
Hirr went from about 17 T to about 23 T for a powder which also used MgH2 with field in
the H// orientation applied to a tape. Ma et al. from the same group [14] have also tried
ZrSi2, ZrB2 and WSi2 additions to good effect.
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Suo and Flükiger fabricated seven stack multifilament tapes using ex-situ powders selected
for optimum powder sizes [15]. Using a resistive technique, irreversibility fields of 11.9 and
15.1 T for Hc2 were found in this case for H⊥ and H// (with a tape anisotropy of 1.3) [16].
Irreversibility fields were 8 and 10.4 T for H⊥ and H//, respectively [4]. Ref [4] also has a
“summary” plot of some of the Jc results at that date. Ball milling, also extensively
employed by Flükiger, [16] was seen to increase not Bc2, but Birr and Jc. Nevertheless, the
best results reported here seem to be about 200 A/cm2 at 12 T.

Glowacki et al. [17] have also been pursuing PIT MgB2, with useful demonstrations, mostly
in the area of cables and shielding. Goldacker et al. [18] have also investigated ex-situ route
powders in SS tubes with Fe and Nb barriers. In [18] the Hc2 was relatively low, at 11 T, and
Jc was 100 A/cm2 at 10 T. W. Goldacker et al. compared ex-situ and in-situ wires
constructed with Ta and Nb barriers. In this work [18], little difference was seen in Jc as a
function of temperature, but the in-situ wires showed inferior properties at higher fields. The
reason for this, while unaddressed in this paper, is almost certainly the difference in
behavior of the Nb and Ta barriers against in-situ and ex-situ wires, based on the
observations at Ohio State University (OSU) where head-to-head comparisons of the in-situ
route in Fe and Nb show a definite degradation in field with Nb [19]. This reaction seems to
be much less extensive than that with Cu (from the SEM and EDS results) [19], and thus it
may be possible to compensate for it, leading to improved multi-filament (MF)
manufacturability. Nast et al. [20] have also compared round strands and tapes made by the
ex-situ route, seeing some anisotropy in the tapes, as have others. Eyidi et al. [21] looked in
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detail at the microstructure of tapes made from ex-situ powder. They found MgB2 grain
sizes ranging from 20 nm to 1µm. Oxygen was primarily present as MgO, and a small level
of B-rich phases was found.

The ISEM group from the University of Wollongong has been deeply involved in MgB2,
producing some very useful and practical results [7, 22, 23-26] Early efforts by Dou, part
of a collaborative effort between the University of Wollongong (UoW), OSU, and
Hyper-Tech Research (HTR), led to studies of pellet properties [24], and quickly led to
tape [7,22,25,26]. In a series of very important papers Dou et al. showed that SiC can
significantly improve the properties of wires [23,26].

Currently HTR group has two years of manufacturing development experience with
MgB2 composite conductor. This conductor has been designed with manufacturability in
mind. Aside from HTR’s continuous tube filling (CTFF) technique, which is a particular
advantage in forming longer lengths of the strands, no specialty wire drawing steps are
required. HTR regularly manufactures the composites in lengths over 100 m. Longer
lengths are no limitation. The strands are made from in-situ powders, and strands
designed for high field applications have Fe barriers and Cu-Ni sheaths (Monel in some
previous design strands). Heat treatments (HT) are typically in the 675 to 750°C range for
5 to 30 minutes.
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Other techniques, such as Reactive Liquid Mg Infiltration to make hollow wires as used
by Giunchi et al. [71] and diffusion of magnesium vapor into boron fibers with tungsten
cores [4], as well as the suspension spinning method [72], were also tried by a few groups
to prepare MgB2 superconducting wire. Two other different techniques, boron diffusion
into Mg tape [73] and deposition of MgB2 film on a Hastelloy tape buffered with an
yttria-stabilized-zirconia layer [74-76], have also been used to prepare different types of
MgB2 tape.

In this paper, I will be discussing the elementary doping of MgB2 thick films and tapes.
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CHAPTER 3

Experimental Details and Laboratory Measurements

3.1 Experimental Details

Through out this course, the major method I used for sample preparation was the following: films
were prepared by using a powder-suspension and deposition method.

Magnesium and

amorphous boron powders were mixed in the atomic ratio of Mg:B=1:2 and/or with doped
powders accordingly. The mixed powders were then thoroughly stirred with acetone in a
container. Polished Ni or Stainless Steel or other substrate pieces with approximate sizes of 5
mm x 10 mm x 1 mm were placed in the bottom of the container. After the evaporation of the
acetone, a layer of mixed powder was formed on the substrate. This procedure was repeated
several times until a layer of the mixed powder of the desired thickness had been formed.
Another piece of Ni of the same size as the substrate was placed on the top of the deposited films
and was firmly pressed on so as to avoid the loss or oxidation of Mg during sintering at high
temperatures. The resulting samples were then pressed under high pressure (about 50,000kpa) in
order to increase the density of the deposited films.
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3.2 Critical current measurement

Critical current density (Jc) is a very important property of superconducting materials. It indicates
the current limit of the superconducting material: Jc=Ic/S, where Ic is the critical current and S the
cross-sectional area carrying the current. S was measured with optical microscopy linked with
image analysis software. Jc is a function of temperature, magnetic field and other parameters. The
critical current was measured with a four-probe method.

3.3 Magnetic measurement

The magnetization of the samples was measured using a MPMS (Magnetic Property
Measurement System) or PPMS (Physical Property Measurement System) in a time varying
magnetic field with a sweep rate of 50 Oe/s and amplitude of up to 5T or 10T respectively. The
magnetic Jc was determined from the height of the magnetization loop ∆M using the Bean model:
Jc = 10K∆M/d, where K = 12w/(3w-d) is a geometrical factor of the sample (w: width, d:
thickness). Tc was obtained as the superconducting transition onset in the magnetization
measurements.

3.4 Phase and microstructure analysis
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Superconducting currents are closely linked to microstructure and phase composition;
microstructure analysis plays a crucial role in optimizing the processing parameters of MgB2
preparation. X-ray Diffraction (XRD), Scanning Electronic Microscopy (SEM) equipped with
Energy Dispersive Spectroscopy (EDS), Optical Microscopy (OP), Transmission Electron
Microscopy (TEM), and Differential Thermal Analysis (DTA) were used to carry out the analysis
tasks.

3.4.1 X-ray diffraction (XRD)

X-ray diffraction (XRD) is a very useful and convenient method for phase characterization of
materials. XRD diffraction patterns identify different phases and give a semi-quantitative
estimation of the phases. A physical phase can only be detected if its volume ratio exceeds a few
percent and if the grain size is at least 1µm. Therefore very small amounts of secondary phase
cannot be detected. In my case, some amorphous phase and low-concentrate phases can not be
detected. Any of the components that has a particle grain size less than 1µm will not be detectable,
either.

XRD measurement samples are prepared by cracking the bulk samples. Sometimes the bulks need
to be ground to fine particles before conducting XRD experiments in order to obtain more
accurate results.
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We used an X-ray diffractometer (Siemens D-5000) to determine the phase type and the phase
composition of the superconducting core. The tube voltage and current were 40 kV and 20 mA
respectively.

Figure 3. 1 The Structure of X-Ray Diffractometer

3.4.2 Scanning electron microscopy (SEM) and Energy dispersive x-ray

spectrometry (EDS)

SEM is one of the most versatile instruments available for the examination and analysis of the
microstructure characteristics of solid objects. The basic components of an SEM are the lens
system, electron gun, electron collector, cathode ray tubes and the electronics associated with
them. Sharply focused high-energy particles scan over the surface of specimens, and signals
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containing information on tested specimens are evoked. The resulting signals can be classed as
electrons, backscattered electrons, characteristic x-rays, and Auger electrons. Photographic
images of various energies can be obtained. Analysis can be done by receiving, magnifying and
displaying these signals. SEM can be used to observe the surface microstructures directly. Its
magnifications are from 10 to 200000× or more. Practical resolution is limited to 200Å (20nm)
[69] for most specimens in an optimal position relative to the detector for secondary electrons.

The specimens are generally prepared in the following way. MgB2 films, wires, tapes and bulks
were mounted in resin. After the resin became solid and hard, the samples were polished with
sandpaper and a polishing machine until a smooth surface was obtained. Some of these kinds of
samples can also be observed with optical microscopy. SEM samples need to be coated with a
thin layer of gold to increase the electric conductivity. The SEM machine we used was a Leica
Model Stereoscan 440 (UK) scanning electron microscope. The instrument is fully automated and
software controlled (beam control, XYZ stage control, etc.). It is equipped with a secondary
electron detector and backscattered electron detector. At the highest magnification, the resolution
is in the nanometers range. The instrument is also equipped with Energy Dispersive Spectroscopy
(EDS). This EDS can provide information on element distribution in the samples, but it can not
detect elements which is lighter than Carbon due to its limitations. So it can not detect B, which
are lighter than C. SEM and EDS examinations were carried out at room temperature under an
accelerating voltage of 20 kV.

In the Scanning Electron Microscope an electron beam is focused down to a fine probe which is
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rastered over the sample. As the beam is rastered, the specimen beam interactions creates several
signals which can be detected. The detected signal is displayed on a CRT which is raster scanned
in synch with the electron beam thus forming an image on the screen.

Magnification of the image is a function of the ratio of the displayed image size over the rastered
electron beam size.

Figure 3. 2 Scanning Electron Microscope

3.4.3 Electron Source
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The most common source for the electron beam is a W filament located at the top of the SEM
column in the gun (Figure 3.2). The filament sits inside a housing called the Wehnelt cap. A
potential is created between the sample and the gun, and when the W filament is heated to a
certain point electrons will begin streaming from the tip of the filament down the column. The
electron beam is focused and defocused by the use of electromagnetic lenses.

3.4.4 Transmission electron microscopy (TEM)
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Figure 3. 3 Transmission electron microscopy

TEM allows direct observation of microstructures of the specimens. Compared with SEM, TEM
has a higher resolution (0.2nm), which enables the microstructures to be observed in more detail.
Besides surface observation, thanks to the diffraction facility, TEM can be used to determine the
phase structure and do analysis on crystal structure and crystal defects. The TEM work was done
in co-operation with the University of New South Wales. The experimental details such as tape
preparation and characterization methods are described above. It should be noted that some of the
descriptions are brief and will be expanded upon in the relevant chapters of the thesis.
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We will start with the construction of a TEM microscope (Figure 3.3). A ray of electrons is
produced by a pin-shaped cathode heated up by current. The electrons are vacuumed up by a high
voltage at the anode. The acceleration voltage is between 50 and 150 kV. The higher it is, the
shorter are the electron waves and the higher is the power of resolution. But this factor is hardly
ever limiting. The power of resolution of electron microscopy is usually restrained by the quality
of the lens-systems and especially by the technique used for the preparation has been achieved.
Modern gadgets have powers of resolution that range from 0.2 – 0.3 nm. The useful
magnification is therefore up to around 300,000 x.

The accelerated ray of electrons passes a drill-hole at the bottom of the anode. Its behaviour is
analogous to that of a ray of light in a light microscope. The lens-systems consist of electronic
coils generating an electromagnetic field. The ray is first focused by a condenser. It then passes
through the object, where it is partially deflected. The degree of deflection depends on the
electron density of the object. The greater the mass of the atoms, the greater is the degree of
deflection. Biological objects have only weak contrasts since they consist mainly of atoms with
low atomic numbers (C, H, N, O). Consequently it is necessary to treat the preparations with
special contrast enhancing chemicals (heavy metals) to get at least some contrast. Additionally
they are not to be thicker than 100 nm, because the temperature will rise due to electron
absorption. This again can lead to destruction of the preparation. It is generally impossible to
examine living objects.

After passing the object the scattered electrons are collected by an objective, allowing an image
to be formed, that is subsequently enlarged by an additional lens-system (called projective with
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electron microscopes). The thus formed image is made visible on a fluorescent screen or it is
documented on photographic material. Photos taken with electron microscopes are always black
and white. The degree of darkness corresponds to the electron density (= differences in atom
masses) of the preparation.
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CHAPTER 4
Cu and Nano-SiC doped MgB2 thick films on Ni
substrates processed using a very short-time in-situ
reaction

Introduction

Since the observation of the 39 K superconductivity in MgB2 [30], extensive research has been
done on the fabrication of this superconductor in various sample forms, such as polycrystalline
bulk samples, single crystals, metal clad tapes and wires, and thin and thick films [31-37]. In
terms of applications, thin films can be used for microelectronic devices, wires and tapes for large
current carriers with minimal energy losses, and bulks for possible use in magnetic levitation or
current leads. Thick films have great potential applications in magnetic shielding and large power
antenna. Since thick films are relatively easy to make compared with thin films, single crystals
and metal tapes, it is more convenient to check the chemical compatibilities of Mg and B, or
MgB2 with other metals or oxides in the form of thick films. With respect to phase formation,
MgB2 phase can be produced via an in-situ reaction between elemental Mg and boron over a wide
temperature range between 550 up to 1000 oC. Several hours of sintering have been widely used
[33,34]. However, Wang et al. have found that by using elemental Mg and amorphous boron
powders, the MgB2 phase can form quickly, even in a matter of several seconds or minutes, at all
temperatures above the melting point of magnesium (650 oC) [6]. This finding means that liquid
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magnesium can instantly react with amorphous boron to form MgB2. It has been also observed
that the superconducting performances of the samples obtained from such a short-time sintering is
as good as that obtained from the conventional long time sintering [6]. Films of MgB2 have been
grown mostly on oxide substrates [37], stainless steel [39], and flexible plastic substrates [40].
However, films were found to have poor adherence to the stainless steel substrate and the critical
current densities and irreversibility field are poor compared with tapes/wires, bulk samples and
thin films [38]. Very recently, Dou et al [5] have discovered that the Nano-SiC addition can
significantly improve flux pinning and the irreversibility field in the bulk MgB2 and Fe sheathed
MgB2 wires. As Ni shows better deformation properties than Fe [35], it could be an alternative
sheath material for industrial applications. In this paper, we report fabrication of MgB2 thick films
on nickel substrates using a very short sintering process. We have achieved a high value of Jc of
1.4 x 10 6 at 20 K in zero field and improved Jc field dependence in both undoped films and films
with Nano-SiC added films. Furthermore, by adding Cu powders, the MgB2 films were found to
have good adherence to the Ni substrate with little degradation of Jc.

Experiment

Samples were prepared as described in chapter 3, and then directly loaded into a tube furnace
having a preset temperature (Tmax ). They were kept inside for 6 minutes, then quenched in liquid
nitrogen. Figure 4.1 shows the real temperature of the samples as a function of time, starting from
when the samples were loaded into the hot tube furnace held at a constant temperature Tmax.
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Figure 4.1 The temperature of the samples as a function of time

Figure 4.1 shows that it takes about 2 – 3 minutes to reach the Tmax. Therefore the samples were
only sintered for about 3-4 minutes at 900oC and 840 oC. Through out the whole process, a flow of
high purity argon gas was maintained in the tube furnace. Sample oxidization was minimized this
way. At the same time, since the sintering time was very short, the average size of the MgB2
grains is expected to be very small compared with that resulting from a conventional long
sintering procedure. A large Jc is expected due to the large number of grain boundaries as will be
shown later.

The phases and film morphologies were investigated using X-ray Diffraction (XRD) and
Scanning Electron Microscopy (SEM). Superconducting properties such as Tc and Jc versus
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magnetic fields were characterized using a commercial Physical Property Measurement System
(PPMS). The superconducting transition temperature was determined by measuring ac
susceptibility as a function of temperature. Magnetization hysteresis loops were recorded at 5, 10,
20 and 30K in fields up to 8.5 T.

Results and Discussion

After removing the top pieces of nickel, films were found to have shining surfaces with a dark
brown colour. However, similar to MgB2 thick films grown on stainless steel substrates [38], the
films without Cu addition appears to be not firmly adhered to the nickel substrates and can be
easily stripped off. Films with Cu addition, however, adhered well to the Ni substrate. The films
remain strongly bonded to the substrate even after scratching. A typical image with a such a
scratch made on a Cu-doped films is shown in Figure 4. 2, as evidence of the good adherence.

Figure 4. 2 Cu-doped film remain strongly bonded to the nickel substrate even after scratching
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The thickness of all the films was determined to be in the range of 60-140 microns by SEM
measurement. Morphologies of these samples' surfaces as well as cross sections were also
examined by SEM. All the films sintered at 840 - 900 oC have similar surface morphologies.
Figure 4.3 and Figure 4.4 show the SEM images of the surface and cross section of un-doped
thick films sintered at 840 o C.

Figure 4. 3 SEM images of the surface of un-doped thick film sintered at 840 o C
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Figure 4. 4

SEM images of the cross section of un-doped thick film sintered at 840 o C

The surfaces are flat with a grain size of less than 1 micron. In contrast to the cracks observed in
MgB2 films on stainless steel [38], no cracking is observed in these MgB2/Ni samples. However,
there are some voids of approximately 10-20 microns in diameter in these samples. The cross
section of the sample shown in Figure 4. 4 illustrates that voids are also present inside these
samples. The surface morphologies of sample with both Cu and Nano-SiC added that were heat
treated at both 840 and 900 o C looked almost the same as the pure MgB2 samples.

The good adherence of the Cu-added films to the substrates enabled us to mechanically remove
outermost surface layer of the samples. This allowed us to inspect the detailed morphologies
inside. As can be seen from Figure 4. 5(a), after removing the outermost surface layer, the fresh
surface of the Cu-doped samples indicates that the samples are highly dense and flat, but the voids
shown in Figure 4. 4 are still present.
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Figure 4. 5(a) Inside layer surface of the Cu-added MgB2 film - after removing the outermost surface
layer

Figure 4. 5( b) Inside layer of the Cu-added MgB2 film – cross section
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Figure 4. 6 gives a closer look at a void. It can be seen that the size of the void is between 10 – 20
microns.

Figure 4. 6 A closer look at a void in the film at Figure 4. 5

Voids seem to be a typical feature of MgB2 samples made by in-situ reaction methods [6]. Due to
the presence of such voids, these samples have geometrical densities of about 1.2 g/cm3. It is
evident that areas without voids appear to be highly dense, indicating a possible strong
connections between grains. There is little difference in morphology between samples sintered at
different temperatures. Figure 4.7 shows a typical cross section of SiC doped samples treated at
900 oC, showing a more compacted voids distribution in contrast to samples treated at 840 oC
(Figure 4. 4).
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Figure 4. 7 SiC doped samples treated at 900 oC shows a more compacted voids distribution

The MgB2 grains in the 900 oC sintered samples are also expected to be more compacted
compared with 840 oC samples. That is to say, heat treatment at 900 oC may further improve the
grain connections. These assumptions were confirmed by the high critical current density for
these samples as shown later on.
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Figure 4. 8 XRD patterns for pure, Cu and Nano-SiC added samples

Figure 4. 8 shows XRD patterns for pure, Cu and Nano-SiC added samples which were heat
treated for only 3-4 minutes at 840 oC and 900 o C, respectively. We found that, the XRD patterns
for pure and Cu-doped samples sintered at 900 oC appear the same as for those sintered at 840 oC.
From the XRD patterns above it can be seen that all the peaks in the un-doped samples belong to
MgB2 phase. This indicates that these samples have a highly pure single phase, in agreement with
what had been reported on wires made by the fast formation process [6]. For the Cu added films,
in addition to the MgB2 phase, MgCu2 was also presented in the samples due to the reaction
between Cu and Mg. It is very surprising that the Mg2Si impurity phase which has always been
presented in SiC doped MgB2 bulk samples [5] was not observed in our present Nano-SiC added
films that were made using the short-period sintering time. However, impurities of MgB4 and an
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increased amount of MgO are observed in the Nano-SiC doped film samples. The reasons why the
Mg2Si formation might be prohibited and why the oxidation was pronounced are not clear at the
moment. It is possible that this specific short heat treatment does not favour the reaction between
Mg and SiC. It is also possible that the Mg2Si particles are too tiny to be detected by XRD. This
issue needs to be further investigated and clarified. However, it is clear that the Nano-SiC
included inside sample acts as a source of effective pinning centers as shown later. MgB4
formation may be an indication of C subsitution for B which leads to some excess of B.

The Tc value of these samples were determined using ac susceptibility in an ac field of 1 Oe and
a frequency of 117 Hz, as shown in Figure 4. 9.
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Figure 4. 9 The ac susceptibility in an ac field of 1 Oe and a frequency of 117 Hz

It can be seen that both the pure and Cu added samples sintered at 840 o C have the same Tc of 37
K with similar transition widths. After sintering at 900 o C, the Tc of the pure samples increased to
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37.7 K. However, the SiC doped films exhibited a Tc of 37 K, which may be due to substitution of
B by C[5].

Measurements of the M-H loops of these three samples were carried out at 5, 10, 20, and 30 K in
fields up to 8.5 T. Magnetic Jc can be derived using Jc = 20∆M [a(1-a/3b)], where ∆M is the
height of the magnetization loops, and a and b are the dimensions of the film cross-section.
Since the Ni substrate is ferromagnetic, films were mechanically removed from the substrates for
performing the M-H measurements. The magnetic field was applied parallel to the surfaces of the
films. Figure 4. 10 shows typical M-H loops for pure MgB2 films.
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Figure 4. 10 M-H loops for a pure MgB2 film.

Typical flux-jumping patterns are present in for 5K and 10K loops below 2.5 T. Flux-jumping is
a common feature in MgB2 made using the in-situ reaction process [24]. It should be noted that
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the jumping height is smaller than those observed in bulk MgB2 samples [13]. This may be due to
the small thickness of these thick films.

From the field dependence of Jc at different temperatures for pure, Cu and Nano-SiC added films,
we can see that both pure and Cu added samples sintered at 840 oC have almost the same values of
Jc at 10, 20 and 30K in low fields. However, in high fields Cu added samples have relatively lower
Jc values or poor Jc field dependence compared with the pure samples. This is because of the
formation of MgCu2 which causes a reduction in the superconducting volume and weak-links in
the samples. At 30 and 20 K, Jc values are as high as 2.5 x 105 and 9.2 x 105 A/cm2 , respectively,
for pure samples in zero field, while Jc values are 2.4 x 105 and 8.5 x 105 A/cm2 for Cu doped
samples for those respective temperatures.
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Figure 4. 11 Jc values and their field dependence at 20 and 30 K for various films.
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Figure 4. 12 Jc values and their field dependence at 5 and 10 K for various films.

If both pure and Nano-SiC added samples were sintered at the higher temperature of 900 oC, the Jc
values and their field dependence were significantly improved. We can see that Jc in low fields is
almost two times larger than for those sintered at 840 oC. Jc values reached as high as 1.3-1.5 x 10
6

A/cm2 and 4.8 x 10 5 A/cm2 at 20 K and 30 K in zero field for pure and SiC doped samples,

respectively. Furthermore, the irreversibility fields or Jc field dependence were further improved
to a significant extent after doping with Nano-SiC particles, as can be clearly seen in Figure 4. 11
and Figure 4. 12. As has been pointed out before, because no Mg2Si formed inside the Nano-SiC
doped film, the present result is a further confirmation that Nano-SiC can significantly improve
the flux pinning in MgB2 [5] even when using a very short-time sintering. It was observed that
under the conditions of 2 Tesla and 20 K, Jc values reached 1.8 x 10 5 for samples sintered at 840 o
C and 2.3 x 10 5 A/cm2 for samples sintered at 900 oC for pure and Nano-SiC doped samples.
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These Jc values are much higher than those obtained from thick films, wires and tapes that were
previously fabricated by both in-situ and ex-situ methods [35]. Jc was 5.5 x 104 for the Cu added
sample at 20 K and 2 T and this value is still higher than the reference values mentioned above.

It should be pointed out that our samples were sintered for only 3-4 minutes at 840 and 900 oC.
This very short period of sintering time period would certainly produce smaller MgB2 grains
compare to the conventional long sintering methods. A large number of grain boundaries is
expected due to the small grains, and these would act as effective pinning centers, hence giving
rise to high values of Jc. It is believed that higher Jc values can be achieved as heat treatment
conditions improve in the future.

Conclusions

High sintering temperatures favor high Jc and good irreversibility behavior of MgB2 films
fabricated on Ni substrates using a short sintering of 3-4 minutes. For both pure and SiC doped
samples, Jc values as high as 9.1 x 10 5 and 1.4 x 106 A/cm2 are reached in zero field at 20K.
Nano-SiC addition further improved the Jc field performance to a significant extent. It was found
that films doped with Cu powders were observed to have better adherence to the Ni substrate
without degradation in Tc, and Jc was found to be slightly decreased, but still remained as high as
7 x 105 A/cm2 in zero field at 20 K. In contrast to the bulk samples, where SiC-doping resulted in
the formation of Mg2Si, there was no Mg2Si to be found in SiC-doped MgB2 thick films. Instead,
SiC doping leads to the formation of MgB4 in these short-time sintered films.
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CHAPTER 5

Effect of nano-Y-ZrO2 addition on the microstructure
and critical current density of MgB2 superconductors

Introduction

Since the discovery of MgB2 superconductivity at 39 K, much progress has been made in the
fabrication MgB2 tapes, wires, bulk samples and films [40]. A number of techniques have been
developed to improve the processing parameters for achieving high critical current densities
[41-50]. Relatively speaking, research done on MgB2 thick films was never a focal point.
Nevertheless thick films of MgB2 superconductors are very promising for applications in
magnetic shielding devices and high power microwave devices [40] that will work at significantly
higher temperatures than conventional low Tc superconductors, due to the high Tc of 39 K and the
fact that the surface resistance of MgB2 samples is lower than that of polycrystalline Y-123 bulks
and matches that of Y123 single crystals [49]. Metal substrates compatible with the MgB2 are
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required for use in these applications. Films of MgB2 have been grown mostly on oxide substrates
[50], stainless steel [51], and flexible plastic substrates [38].

Wang et al. had reported that the MgB2 phase can be easily formed in a very short period of time
at temperatures as low as 660 oC [6]. This indicates that, as the melting point of Mg is 650 oC,
the MgB2 phase can be formed immediately as long as the sintering temperature is above the
melting point of Mg. This means that a liquid phase of Mg favors the fast formation of MgB2.
However, the Jc and density of the MgB2 thick films prepared using the heat treatment conditions
presented in Ref [38] is relatively low compared with those produced by conventional solid state
reaction. This may due to the low sintering temperature of 660 oC. It is also expected that long
sintering time can cause a loss of Mg at the relatively high temperature due to the significant
evaporation of Mg. Naturally various sintering parameters used produced different results on the
Jc and transition temperatures of MgB2. For the same sintering conditions, differently doped
MgB2 material will also result in various Jc values and transition temperatures. In this research, we
are considering both of these cases.

Experiment

Samples were prepared using the deposition method as described in the ‘Experiment Details’ of
Chapter 3. These samples were then loaded into a tube furnace having a preset temperature Tmax
(800 o C) and were kept inside for 6 minutes, or 3 hours depending on whether long or short
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sintering was desired. Through out the whole process of the sintering, a flow of high purity of
argon gas was maintained within the tube furnace. As soon as the predefined sintering time was
up, samples were quenched in liquid nitrogen directly upon taken out of the furnace. It has been
determined that it took about 2 – 3 minutes to reach the Tmax after samples were put into the
furnace. Therefore those short sintering samples were only sintered at Tmax for a period of 3-4
minutes.

The phases and film morphologies were investigated using X-ray Diffraction (XRD) and
Scanning Electron Microscopy (SEM). Superconducting properties such as Tc and Jc versus fields
were characterized using a Physical Property Measurement System.
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Results and discussion

Figure 5. 1

SEM image of pure (0% YSZ doped) MgB2 thick film, prepared with 6 minutes sintering

time at 840 oC.
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Figure 5. 2

SEM image of 5% YSZ doped MgB2 thick film, 6 minutes sintering time at 840 oC.
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Figure 5. 3

SEM image of 10% YSZ doped MgB2 thick film sintered at 840 oC for 6 minutes.

o

Figure 5. 4 SEM image for 20% YSZ doped MgB2 thick film sintering at 840 C for 6 minutes.
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The SEM images from Figure 5. 1 - Figure 5. 4 shows that, MgB2 thick films with short
sintering time and with 0, 5, 10 or 20% YSZ doping have similar morphologies, yet there are
some differences in their crystalline layouts: the 5% YSZ doped sample has a smoother surface
and the MgB2 formation is denser than the 0% YSZ doped one, and the spread of the MgB2 is
more even. The 10% YSZ doped sample is even more denser and more even, and the 20% YSZ
doped sample is the best in both regards. So it is obvious that YSZ inclusion in MgB2 thick films
results in denser formation of the MgB2 crystal.

Figure 5.5 shows the temperature dependence of the ac susceptibility for both fast formed and
long time sintered MgB2 (+10wt% YSZ) thick films.

Figure 5. 5

Temperature dependence of the ac susceptibility of MgB2 (+10wt% YSZ) thick films.
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Both films have similar transition widths on their transition temperatures, Tc. However the long
sintered sample has a higher Tc of 38K, while the fast-formed sample has a lower Tc of 36.5K.

Figure 5. 6 Magnetisation hysteresis loops measured at 10, 20 and 30K for the 10wt% YSZ added fast
formed MgB2 thick films

Figure 5. 6 shows that, at 20K temperature, there flux jumping exists at a field of 1.7T. From these
loops, the sample’s critical current density can be obtained using the Bean critical model Jc =
20M/a(1-a/3b) (a<b), where M is the height of the loop, and a and b are the dimensions of the
sample in a plane that is perpendicular to the magnetic field.
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Figure 5. 7 Jc versus magnetic field up to 4 Tesla for 10wt% YSZ added samples

Figure 5. 7 shows Jc versus magnetic field for up to 4 Tesla for fast formed and slow sintered
samples at temperatures of 20K and 30K. Among these four different Jc curves, the highest Jc
value (4*106 A/cm2) is achieved at 20K and zero field for the fast formed sample. In fact at low
field, fast-formed samples always have higher Jc values than slow sintered samples in our
experiments. It should be noted that a short sintering period would certainly produce smaller
MgB2 grains compared to the long sintering methods. Large numbers of grain boundaries are
expected due to the small grains, and they are expected to act as effective pinning centers, hence
giving rise to high values of Jc Figure 5.7 also shows that the Jc curves for fast formed samples
drop more quickly than for the slow sintered samples.
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Conclusion

Nano-YSZ particles that are included in MgB2 for in situ reaction (at 840 o C) do not react with
MgB2. The transition temperatures of the YSZ nano-particle doped samples dropped about 3 K
compared to the un-doped samples. However, samples doped with YSZ powders showed a higher
critical current density in low magnetic fields, but the Jc dropped faster compared to long sintered
samples. It is proposed that the improved Jc in low fields was due to the enhanced density of the
sample, which was caused by the YSZ nano-particle inclusion.
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CHAPTER 6

Fabrication, microstructure and critical current density
of pure and Cu doped MgB2 thick films grown on Cu, Ni
and stainless steel substrates by short-time in-situ
reaction

Introduction

MgB2 thick films have great potential for applications in magnetic shielding devices and large
power antennas. Since thick films are relatively easy to make compared with thin films, single
crystals and metal sheathed tapes, it is more convenient to check the chemical compatibilities of
Mg and B, or MgB2 with other metals or oxides in the form of thick films. With respect to phase
formation, MgB2 phase can be produced via an in-situ reaction between elemental Mg and boron
powder over a wide temperature range between 550 and 1000 oC. Several hours of sintering have
been widely employed [34,35]. However, Wang et al. have found that by using elemental Mg and
amorphous boron powders, the MgB2 phase can form quickly, even in a matter of several minutes
or seconds, at temperatures above the melting point of magnesium (650 oC) [6]. This finding
means that liquid magnesium can instantly react with amorphous boron to form MgB2. It has been
also observed that the superconducting performance of samples obtained from such a short-time
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sintering method are as good as those obtained from the conventional long sintering method [6].
Films of MgB2 have been grown mostly on oxide substrates [50], stainless steel [38], and flexible
plastic substrates [51]. However, films were found to have poor adherence to the stainless steel
substrate and the critical current densities and irreversibility field are poor compared with
tapes/wires, bulk samples and thin films [38]. Recently, Dou et al. [5] have discovered that
Nano-SiC addition can significantly improve the flux pinning and irreversibility field in bulk
MgB2 and Fe sheathed wires. As Ni and stainless steel show better deformation properties than Fe
[35], they can be alternative choices of sheath material for industrial application. In this paper, we
report fabrications and characterizations of MgB2 thick films on Cu, Ni and stainless steel
substrates using a very short-time sintering process.

Experiment

Samples were prepared using the deposition method described in the ‘Experiment Details’ of
Chapter 3, but this time the substrates used were Ni, Cu and Stainless Steel. There were two
kinds of sample prepared: one was pure MgB2 powder and the other is MgB2 powder with 5%wt
Cu added.

These samples were loaded into a tube furnace having a preset temperature Tmax (710, 745, 840
and 900 o C) and were kept inside for 3 or 6 minutes accordingly. Throughout the whole process of
the sintering, a flow of high purity argon gas was maintained within the tube furnace. As soon as
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the predefined sintering time was up, samples were quenched in liquid nitrogen directly upon
being taken out of the furnace. As shown in Figure 6. 1, it took about 2 – 3 minutes for the sample
to reach Tmax after the sample was put into the furnace.
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Figure 6. 2 Temperature profile for sample sintering.

Therefore samples were only sintered at Tmax for a period of 3-4 minutes. Sample phases and
morphologies were investigated using X-ray Diffraction (XRD) and Scanning Electron
Microscopy (SEM). Superconducting properties such as Tc and Jc versus fields were characterized
using a Physical Property Measurement System.

Results and discussion
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Figure 6. 2 shows SEM images for three selected samples: (a) T(max)=745 oC, time in the
furnace = 3 minutes, on stainless steel substrate; (b) T(max)= 840 oC, time in the furnace = 6
minutes, on stainless steel substrate; (c) T(max)= 840 oC, time in the furnace = 6 minutes,
Cu-added, on Ni substrate.

Figure 6. 2 SEM images for three different samples. Black bars within these images

represent 10nm in length

It can be seen that sample (a) showed a looser surface structure compared to (b) and (c). This
indicated that higher sintering temperature gave better grain connectivity in MgB2 thick films. As
a result, higher critical current density Jc is expected for the higher sintering temperature samples
as we will see later on. It is also obvious that, unlike other samples, sample (c) showed many
small sized voids embedded in a highly dense MgB2 matrix. This is in agreement with what was
observed in Fe sheathed MgB2 wires using short-time in-situ reaction [3]. Figure 6.3 shows an
enlargement of the cross section of a MgB2 thick film grown on Cu substrate.
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Figure 6. 3 SEM image of cross-section for MgB2/Cu film.

Figure 6. 4

SEM image of Cross-section of MgB2/Ni film
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We can see that the film grown on Cu is well attached to the Cu substrate. This good adherence is
caused by a reaction between Cu and Mg at the interface surface. However, pure MgB2 films
made on stainless steel and Ni did not attach themselves to the substrate and can be easily
removed. Figure 6.4 shows a SEM cross-section image for a typical film removed from either the
stainless steel or the Ni substrate. It is quite possible that the poor adherence was resulted from the
difference in the heat-expanding coefficients between the Ni or stainless steel substrates and the
MgB2. After doping with Cu powders, the films were found to adhere well to the Ni and stainless
steel substrates.

All samples processed with the short-time sintering method showed nearly single phase MgB2.
For samples doped with Cu, Cu2Mg was present as a secondary phase. Figure 6. 4 shows typical
XRD patterns for films with and without Cu addition, sintered at different temperatures for the
same short period of time of about 3 min. All the peaks can be indexed using the lattice
parameters of MgB2. This is a confirmation that the MgB2 phase can be formed in such a short
period of time.
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Figure 6. 5 XRD patterns for films on Ni substrates sintered at different temperature.

The films made using the short-time sintering method showed a very sharp superconducting
transition as determined from ac susceptibility with Tc around 37.5 K. The transition is a bit
wide for films made on Cu substrates, being caused by a strong diamagnetic signal from Cu itself.

Figure 6. 6 shows ac susceptibility measured for MgB2 grown on Ni with and without 5% wt
Cu addition. The Cu addition did not cause any obvious degradation of Tc and transition width,
only with a slight reduction in the superconducting volume.
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Figure 6. 6 AC susceptibility of films grown on stainless steel substrates

The critical current density Jc at different temperatures and fields was calculated from magnetic
hysteresis loops using the Bean model, Jc=20 M/[a(1-a/3b)], where a and b are the sample
dimensions.
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Figure 6. 7 Jc versus magnetic field for MgB2 films grown on Cu and sintered at 710 oC

89

6

10

Stainless Steel
Ni
5

2

Jc [A/cm ]

10

20K
30K

4

10

o

Tmax= 840 C
3

10

0

1

2

3

4

Hdc [T]
Figure 6. 8 Jc versus magnetic field for MgB2 films grown on Ni and stainless steel substrates,
sintered at 840 oC.

The field dependence of Jc at different temperatures for samples sintered at 710 oC and 840oC for
Cu and both stainless steel and Ni, respectively are shown in Figure 6. 7, and Figure 6. 8. It can
be seen that films/Cu have Jc of about 4 x 10 5 , 2 x 10 5 , and 6 x 10 4 A/cm2 in zero field and at 5,
20, and 30 K respectively, and it was 2x 104 A/cm2 in 2 T and 5K. These data are the best among
all the reported Jc values for MgB2 with Cu as the supporting material [35]. For films grown on
Ni and stainless steel, sintered at 840 oC, they showed almost the same values of Jc of 2.5 x 10 5
A/cm2 at 30 K and zero field. Jc values were as high as 7x 10 5 and 9 x 10 5 A/cm2 in zero field and
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20 K. These Jc values are much higher than those Jc values obtained from other thick films, wires
and tapes fabricated by both in-situ and ex-situ methods [35].

It should be pointed out that our samples were heated treated for only 3-4 minutes at above 710
o

C. This very short period of sintering time would certainly produce smaller MgB2 grains

compared to the conventional long time sintering methods. A large number of grain boundaries is
expected due to the small grains, and they act as effective pinning centers, hence giving rise to
high values of Jc. It is believed that higher Jc values can be achieve as heat treatment conditions
improved in the future.
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CHAPTER 7

Significant improvement of critical current density in Cu
sheathed MgB2 tapes through Nano-SiC doping and short-time
in-situ reaction

Introduction

With respect to high current carrying applications of newly discovered MgB2 superconductor
[30], metal sheathed MgB2 tapes/wires with high critical current densities and better field
dependence are very essential [44]. The choice of suitable stealth materials is crucially important.
The following criteria need to be considered for selection of suitable sheath materials with a
views to practical applications: 1) chemical compatibility; 2) ductility; 3) high thermal and
electrical conductivities; and 4) costs.

The chemical compatibility is the most important factor

as it directly determines the level of critical current densities. Among all the sheath materials used
for making MgB2 wires and tapes so far, iron seems to be the best metal sheath material in
achieving high Jc values with the best field performance [52,46,6,53], as it is highly chemical
compatible with MgB2. Although Cu can react with MgB2 or Mg [44], this reaction can be
controlled and reduced to a minimum extent by lowering the sintering temperature and shortening
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sintering times [44,7]. As copper is of high ductility, and high thermal and electrical conductivity,
yet with extremely low cost, copper should thus be the best candidate as a sheath materials for
MgB2 if the reaction between Cu and MgB2 can be controlled or be significantly confined to a thin
layer at the interface, thus enhanced the Jc to the levels required for practical applications. It has
been observed that MgB2 can be formed instantly by in-situ reaction between magnesium and
amorphous boron powders at any temperatures above the melting temperatures of magnesium,
and the samples made by this process were as good as those sintered for a long time. This fast
formation process has been used to effectively reduce the reaction between Cu and Mg+2B and
led to improved Jc values in MgB2/Ag and MgB2/Cu wires [6,7]. However, the Jc values (about 10
4_

10 5 A/cm2 in zero field between 30 and 5 K) achieved in all Cu sheathed MgB2 wires or tapes

are one order of magnitude lower than for those using Fe and Ni as sheath materials (10 5 – 106
A/cm2). Also, these Cu sheathed wires and tapes showed a very poor Jc performance in high
magnetic fields.

Recently, Dou et al. have demonstrated that nano-size SiC doped bulk and Fe sheathed wire
samples show a significant enhancement in critical current density in high magnetic fields over a
wide temperature ranges from 30 K down to 5 K [5].

In this thesis, we have presented a

significant enhancement of Jc in Nano-SiC doped MgB2/Cu short tapes made using a very short
time in-situ reaction, and sintering temperatures as low as 667 o C.
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Experiment

The samples used in the present study were made using “in-situ” reaction. We have found that the
finer the particles of magnesium and SiC powders, the higher the Jc values achieved for the
resulting samples. Furthermore, it was found that, by using the method of having the powders of
Mg (25 µu) and amorphous boron mixed with acetone and treated by an ultrasonic vibration, we
can successfully achieved Jc values larger than 10 6 A/cm 2 at 30 K in pure MgB2 bulk samples
[54]. Powders of magnesium with sizes of 25 µm, 100 nm amorphous boron, and 30 nm sized
Nano-SiC were thus used for making samples, and these powders were well mixed by the
ultrasonic vibration. Powders of Mg and B (atomic ratio of 1:2) with or without 10 wt % SiC were
put together into a beaker and added with acetone solvent added. The slurry was then stirred using
ultrasonic vibration.

Short tape samples were fabricated by dip coating the mixed powders onto a piece of Cu foil,
which was 6 mm in length, and 2.5 mm wide, and with a thickness of 0.4 mm. The composites
were then pressed under a pressure of 50,000kPa in order to increase the sample‘s densities. The
thickness of MgB2 ranges between 50 and 200 µm. The tapes were sealed in iron tubes, iron
tubes were then put into a tube furnace with a preset temperature of 700 or 667 oC, and calcined
for as short as 6 minutes (high purity of Argon gas flowing was maintained within the furnace
during the sintering), followed by quenching into liquid nitrogen. A detailed description for the
short-time sintering processing can be found in Ref. [6].
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Results and Discussions

Figure 7. 1 SEM cross-section for Nano-SiC doped MgB2 Tape sintered at 700 oC.

Figure 7. 1 shows a SEM cross section for un-doped tapes sintered at 700 oC, and Figure 7.2
shows a SEM image of the cross-section of Nano-SiC doped tapes sintered at 667 oC.
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Figure 7. 2 SEM cross-section of Nano-SiC doped tapes sintered at 667 oC.

We can see that SiC doped tape sintered at 700 oC (sample A) significantly reacted with Cu and
formed big clusters of Mg2Cu as determined by EDA. While sintering at 667 oC, the SiC doped
sample (sample B) only reacted with Cu to form a thin layer of MgCu2 close to the interface,
indicating a reduction of the extent of reaction at lower sintering temperatures. For the pure
sample sintered at the same temperature of 700 oC (sample C), a similar reaction layer to that
shown in Figure 7.2 was also observed, but with a thicker reaction layer than in the SiC doped
sample sintered at 700 oC. For pure MgB2/Cu tapes sintered at 667 oC, neither MgB2 nor Mg2Cu
was formed. This means that the sintering time is too short to form either phase. The above SEM
observations are in agreement with XRD results. Figure 7.3 shows the XRD patterns for sample B
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(upper pattern) and sample C (lower pattern) mentioned above. We can see that the major phase
of sample C is MgCu2. The relative intensity of peaks belonging to MgCu2 is stronger in sample B
than in sample C, indicating that the content of Mg2Si in sample B is higher than sample C.
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Figure 7. 3

XRD patterns for sample B and sample C

Transition temperatures were determined by measuring the real part of the ac susceptibility at a
frequency of 117 Hz and an ac field of 0.1 Oe. The magnetization was measured over a wide
temperature range between 5 and 30 K in 0-8.5 T using a Quantum Design PPMS. Figure 7.4
shows the real part of ac susceptibility for samples C and B, giving a Tc of about 37.1K and
36.6K for sample C and B, respectively.
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The magnetic Jc was calculated from the height of the magnetization loops (M-H) using a Bean
model where Jc =20 ∆M/[a/(1-a/3b)] with a<b, where a and b are the dimensions of
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Figure 7. 4 The ac susceptibility for sample C ( Nano-SiC 667oC) and sample B.

the sample perpendicular to the direction of applied field. Jc vs magnetic fields at 30, 20, and 5 K
are plotted in Figure 7. 5 for both pure and Nano-SiC doped MgB2 tapes.
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Figure 7. 5 Jc vs fields at 30, 20, and 5 K for pure and Nano-SiC doped MgB2 tapes.

It can be seen that the pure MgB2/Cu tape sintered at 700 oC has a Jc value of up to 3.6 x 105 A/cm2
in zero field and 10 4 A/cm2 at 2.5 T at 5 K. At 20K, the Jc is over 10 5A/cm2 in zero field. These
low field Jc values are larger than the best Jc data reported in Cu sheathed wire and tapes [44,7]. As
the SiC doped tape sintered at 700 oC was significantly reacted with Cu, we did not perform the Jc
measurement for this sample. For sintering at 667 oC, the Nano-SiC doped tapes showed
remarkable values of Jc with excellent field dependences as shown in Figure 7.6.
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Figure 7. 6 Nano-SiC doped tapes had high value of Jc with excellent field dependences.

We can see that the Jc values at 30 K are as high as 2 x 10 5 A/cm 2 in zero field, the same level as
for sample B at 5 K and zero field. The Jc reached over 106 A/cm2 at T≤ 10 K in zero field. The Jc
values exceed 10 5 A/cm2 at 30 K in zero field, 20 K in 2 T, and at T ≤ 10 K in 4 T. These Jc values
are one to two orders of magnitude higher than in the pure MgB2/Cu short tapes sintered at 700 oC
for 6 minutes, for the best reported Jc data in Cu sheathed wires and tapes, and comparable to the
Jc values reported for MgB2/Fe tapes made by powder-in-tube methods [52,53]. Because the
sample D was without Nano-SiC doping, sintered at the same temperature as sample B, it is
expected that the formation temperature of MgB2 could be lowered with of the addition of
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Nano-SiC which may act as a sintering aid in lowing the melting point of the composite.
Meanwhile, the SiC also played a role in significant flux pinning enhancement as observed in the
Nano-SiC doped bulk samples and MgB2/Fe wires.

In addition to the significantly improved Jc values and their field dependences, the SiC doped
MgB2/Cu sintered at 667 oC (for 6 minutes sintering time) also exhibited excellent thermal
stability at low temperatures (below 10 K). As shown in Figure 7.6 the flux jumping is much
smaller (5 % in Jc variations), compared with what has been observed in both Fe and Cu
sheathed wires that have jumping heights larger than 30-50 % in Jc variations). Jc values at 5 K
for our pure and Nano-SiC doped MgB2/Cu tapes were compared with the best Jc values reported
for Cu sheathed MgB2 wires/tapes made by the PIT technique. The results are shown in Figure
7.7. We can see that sample B has similar Jc values to MgB2/Cu wires fabricated using PIT and a
short time in-situ reaction and higher than MgB2/Cu tapes sintered at both 700 oC for 1 hour and
620 oC for as long as 48 hours.

Excitingly, the Nano-SiC doped tapes sintered at 667 oC for 6 minutes showed significantly
improved Jc values, from one to four orders of magnitude larger than all the pure MgB2/Cu wires
and tapes. However, the irreversibility fields of the Nano-SiC doped MgB2/Cu short tapes are still
lower than those of Nano-SiC doped MgB2/Fe wires/tapes.
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Figure 7. 7 Nano-SiC doped MgB2/Cu tape Jc compared with the best Jc values
reported on Cu sheathed MgB2 wires/tapes made by the PIT technique.

It is believed that Jc values and the irreversibility fields of the Nano-SiC doped MgB2/Cu could be
further improved if heat treatment conditions and doping levels were further optimized for the
short tapes and also for wires/tapes if using PIT techniques. The significant improvement of Jc
values presented in this study indicate that Nano-SiC doped MgB2/Cu tapes or wires is very
promising as a replacement for Fe or Ni sheathed MgB2 wires/tapes.
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In summary, 10 wt % Nano-SiC doped MgB2/Cu short tapes sintered at temperatures as low as
670 oC for as short as 6 minutes showed significantly improved Jc, more than 1 MA/cm2 at 5 and
10 K in zero field, exceeding 10 5 A/cm2 at 30 K in zero field, 20 K in 2 T, and T ≤ 10 K in 4 T. A
high thermal stability was also observed in the Nano-SiC doped MgB2/Cu tapes. Cu is very
promising for use as a sheath material in the MgB2 superconductors.
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